Cholinergic mechanisms in the hippocampus regulate forms of synaptic plasticity linked with cognition and spatial navigation, but the underlying mechanisms remain largely unknown. Here, in rat hippocampal CA1 pyramidal cells under blockade of ionotropic glutamate receptors, we report that a single acetylcholine pulse and repeated depolarization activated a robust and enduring postsynaptic depolarization-induced enhancement of inhibition (DEI) that masked a presynaptic depolarizationinduced suppression of inhibition (DSI). Increased cytosolic Ca 2+ and M1-muscarinic receptor activation caused the rise in voltage-sensitive α5βγ2-containing γ-aminobutyric acid type-A receptors that generated DEI. In summary, this muscarinicmediated activity-dependent plasticity rapidly transfers depolarization effects on inhibition from presynaptic suppression or DSI to postsynaptic enhancement or DEI, a change potentially relevant in behavior.
Introduction
Acetylcholine (ACh) plays a key role in the hippocampus by regulating interactions between excitation and inhibition (reviewed in Aigner 1995; Hasselmo 2006) . In the CA1 region of the hippocampus, ACh is released by activation of septal cholinergic fibers that run through the stratum radiatum (S Rad) and terminate diffusely around CA1 pyramidal cells (PCs) (Lewis and Shute 1967; Aznavour et al. 2005) . These fibers act on PCs primarily through ACh muscarinic receptors (mAChRs) (Cole and Nicoll 1983) , and on interneurons through nicotinic cholinergic receptors (nAChRs) (Jones and Yakel 1997; Alkondon et al. 2000) . ACh regulates neuronal excitability and synaptic efficacy in hippocampal PCs, which make up the CA1 output. PCs participate in circuits involved in cognition and spatial navigation (reviewed in Hasselmo et al. 2002; Buzsáki and Moser 2013) . Postsynaptically, ACh depolarizes PCs (Cole and Nicoll 1983) , increasing their intrinsic excitability (Benardo and Prince 1982; Fernández de Sevilla et al. 2006) , and facilitating the induction of longterm potentiation (LTP) at excitatory synapses. (Fernández de Sevilla et al. 2008; Mitsushima et al. 2013) . Presynaptically, ACh inhibits transmitter release at excitatory and inhibitory synapses (e.g., Hounsgaard 1978; Pitler and Alger 1992a; Ahumada et al. 2013) and increases the presynaptic depolarization-induced suppression of inhibition (DSI) (e.g., Martin and Alger 1999; Kim et al. 2002; reviewed in Kano et al. 2009; McBain and Kauer 2009; Castillo et al. 2011) . ACh can also differentially control the action potential (AP) activity of inhibitory CA1 interneurons (Parra et al. 1998; McQuiston and Madison 1999a; Pitler and Alger 1992b) . Recent reports have shown that cholinergic-evoked astrocyte signaling can regulate excitatory synaptic transmission and plasticity in hippocampus (e.g., Navarrete et al. 2012) .
We have previously shown that activation of M1-subtype muscarinic ACh receptors (M1-mAChRs), by a single brief pulse of ACh, together with repeated depolarization of the PC applied during the experiment, induced a strong LTP of γ-aminobutyric acid (GABA) inhibition mediated through GABA A receptors that we have termed GABA A -LTP (Domínguez et al. 2014) . Here, we report that the same protocol postsynaptically generates a robust depolarization-induced enhancement of inhibition (DEI) that persists during the experiment and masks the presynaptic DSI. The rapid rise in the number of α5βγ2-GABA A Rs causes a vigorous increase in the responsiveness to GABA and depolarization that underlies DEI. In contrast, DSI relies on the release of the endocannabinoid (eCB) 2-arachidonoylglycerol (2-AG) from the depolarized PC, which activates G-protein-coupled type-1 eCB receptors (CB 1 Rs), that are selectively expressed at cholecystokinin positive (CCK + ) interneurons terminals (reviewed in Kano et al. 2009; McBain and Kauer 2009; Castillo et al. 2011) .
Overall, these studies demonstrate that ACh rapidly transfers the dominant effects of depolarization on inhibition from presynaptic suppression to a stronger postsynaptic enhancement. This long-term activity-dependent regulation of inhibition could be crucial for the control of the CA1 network to organize spatial navigation and cognitive functions because α5βγ2-GABA A Rs regulate network operation and learning processes (e.g., Atack et al. 2006; Martin et al. 2010 ). Since DEI and GABA A -LTP require postsynaptic activity, this activity could also act as a homeostatic negative-feedback mechanism to control the circuit in normal and hyperexcitable states.
Materials and Methods

Ethical Approval and Animal Handling
Procedures of animal care and slice preparation approved by the Consejo Superior de Investigaciones Cinetíficas followed the guidelines laid down by the European Council on the ethical use of animals (Directive 2010/63/EU) and every effort was made to minimize animal suffering and number. The procedures were described in detail elsewhere (Domínguez et al. 2014 ).
Slice Preparation
Young Wistar rats (14-20 days old) of either sex were deeply anesthetized with isoflurane, decapitated and their brain removed and submerged in cold (≈4°C) artificial cerebrospinal fluid (ACSF) that contained in mM: 124.00 NaCl, 2.69 KCl, 1.25 KH 2 PO 4 , 2.00 MgSO 4 , 26.00 NaHCO 3 , 2.00 CaCl 2 , 10.00 glucose, and 0.40 ascorbic acid. Bubbling with carbogen (95% O 2 and 5% CO 2 ) stabilized the pH at 7.4. Transverse hippocampal slices (300-400 µM) were cut with a Vibratome (Pelco 3000, St Louis, USA) and incubated in ACSF > 1 h at room temperature of 20-22°C. Slices were transferred to a 2 mL chamber fixed to an upright microscope (Olympus BX51WI, Tokyo, Japan) equipped with infrared differential interference contrast video microscopy and a ×40 water immersion objective. Slices were superfused with carbogen-bubbled ACSF (2 mL/min) at room temperature. Recordings were made under blockade of glutamatergic ionotropic transmission with 2-amino-5-phosphonopentanoic acid (50 µM) and 7-nitro-2,3-dioxo-1, 4-dihydroquinoxaline-6-carbonitrile (20 µM) to inhibit N-methyl--aspartate (NMDA) and AMPA/Kainate receptors, respectively. The [N-( piperidin-1-yl)-1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-1H-pyrazole-3-carboxamide] (AM-251, 2 µM), a CB 1 R antagonist/inverse agonist, [ethyl (13aS)-7-methoxy-9-oxo-11,12,13,13a-tetrahydro-9H-imidazo[1,5- -655,708, 20 nM) , an inverse agonist of α5βγ2-GABA A Rs, β-chlorophenyl-gammaaminobutyric acid (baclofen, 10 μM) a specific GABA B R agonist, and (2S)-3- [[(1S)-1-(3,4-dichlorophenyl) ethyl]amino-2-hydroxypropyl] (phenylmethyl) phosphinic acid hydrochloride (CGP55485, 10 µM), a specific GABA B R antagonist, were added to the ACSF as needed.
Electrophysiology
Whole-cell voltage-clamp recordings were obtained from the soma of PCs with a Cornerstone PC-ONE amplifier (DAGAN, MN, USA), using patch pipettes (4-8 MΩ) set in place with a mechanical micromanipulator (Narishige, Tokyo, Japan). The patch pipette solution contained in mM: 140 K-MeSO 4 , 10 HEPES, 10 KCl, 4 Na-ATP, 0.3 Na-GTP, and 0.1 ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid, buffered to pH 7.2-7.3 with KOH. A −68 mV chloride equilibrium potential was calculated with the intra-and extracellular solutions used here. In some experiments 1,2-bis (0-aminophenoxy) ethane-N, N, N′, N′-tetraacetic acid (BAPTA, 20 mM), a fast Ca 2+ chelator, heparin (5 mg/ml), which inhibits IP 3 receptors (IP 3 Rs), or GDPβS (2 mM), which blocks G-protein-coupled receptors (GPCRs), were added to the pipette solution. The membrane potential (V m ) was fixed at −75 mV, a value close to the average resting V m (−70.2 ± 3 mV; N = 190). Neurons were only accepted when the seal resistance was >1 GΩ, the series resistance (7-14 MΩ) did not change >10%, and the holding current did not exceed 300 pA at −75 mV during the experiment. The liquid junction potential was measured (≈6 mV) but not corrected. Data were low-pass filtered at 1.0 or 3.0 kHz, sampled at rates between 6.0 and 10.0 kHz through a Digidata 1322A, recorded, and analyzed with the pClamp programs (Molecular Devices, Chicago, USA). Bipolar stimulation was with a pipette pulled from theta glass capillary (Ø of the tip ≈ 20-40 μm), filled with ACSF and connected through 2 silver chloride electrodes to a Grass S88 stimulator and stimulus isolation unit (Quincy, USA). Stimulation in the S Rad was close to the apical dendritic shaft and 50-100 µm from the soma of the patched PC.
Stimulation Protocols
Command steps from −75 to 0 mV lasting 30 s were applied every 75 s during the experiment, while paired-pulse stimulation (50 ms delay, every 3 s) at the S Rad evoked pairs of inhibitory postsynaptic currents (IPSCs) (Fig. 1B, right) . We calculated a paired-pulse response ratio (PPR) as the quotient of the second IPSC of the pair over the first (i.e., R2/R1), which provides information on the presynaptic release probability of the stimulated fibers (Fernández de Sevilla et al. 2002; Lei and McBain 2003; reviewed in McBain and Kauer 2009 ) (see below and Fig. 8C ). In some experiments, the S Rad stimulation was only presented during the depolarizing steps, and there were no differences in the results between the 2 protocols. Following a 15-20 min control a pipette loaded with ACh (1 M) dissolved in distilled water was lowered into the S Rad and a single 100 or 300-ms pulse of ACh was applied by iontophoresis. Although ACh is taken up quickly and degraded, the ACh-loaded pipette was rapidly withdrawn to avoid the effects of spurious ACh release. This ACh application procedure appeared to be confined to the patched PC because there were no stable increases of spontaneous IPSC activity. ACh effects were essentially identical when the pulse was applied during brief interruptions of the depolarizing protocols (≈3 min) or during the protocols, and did not depend on the V m or inhibitory activity. Depolarizing voltage steps and recording continued at least 30 min and usually 60 min after the ACh pulse. Since ACh had similar effects during de-and hyperpolarizing steps (Domínguez et al. 2014 ), we will show data recorded during the 0 mV steps, except when otherwise indicated (e.g., Fig. 3 ). We calculated I/V relationships of mean peak IPSC amplitudes in pre-and post-ACh conditions. To quantify changes in I/V relationships we computed a rectification index (Ri) of IPSCs amplitude as a ratio of slopes from the pre-and post-ACh I/V relationships (Domínguez et al. 2014 ).
Data Analysis
Data were analyzed using the pClamp programs (Molecular Devices, Chicago, USA) and Excel (Microsoft, Redmond, USA) and responses were averaged (n = 10), except when indicated otherwise. The magnitude of the change in peak amplitude of the first (R1) IPSC of the pair was expressed as a proportion (%) of the baseline control amplitude (i.e., the mean amplitude of the 10 R1 IPSCs evoked during the first depolarizing step) and plotted as a function of time. Chemicals were from Sigma-Aldrich Química (Madrid, Spain), Tocris (Biogen Científica, Madrid, Spain) and Alomone Labs. (Jerusalem, Israel) . Statistical analysis was done with the Student's 2 tail t-test and differences were considered statistically significant at P< 0.05 level (*), and levels P < 0.01 (**) and P < 0.001 (***) are also indicated. Results are given as mean ± SEM (N = numbers of cells) and (n = number of averaged responses). There were no gender-related differences in our sample.
Results
ACh Transforms the Effects of PC Depolarization on IPSCs From DSI to DEI
In the pre-ACh controls, depolarizing voltage steps to 0 mV induced outward currents that reached values of 1275.4 ± 300 pA and decayed to 1108.6 ± 380 pA. Upon return to −75 mV, the currents stabilized at values of −60.8 ± 5 pA (Fig. 1B, left) . In control conditions stimulation at the S Rad induced outward IPSCs at 0 mV with mean peak amplitudes of 380.2 ± 9 pA (N = 16; Fig. 1B ) and inward IPSCs at −75 mV of −46.8 ± 6 pA (same PCs). In control conditions in the absence of ACh, there were successive DSIs typified by a reduction of the R1 IPSC during the 0 mV steps, these persisted during the experiment, indicating that durable mechanisms mediate DSI. Note the absence of a sustained IPSC enhancement during the experiment (Fig. 1C,D) . In contrast, following the ACh pulse (<10 min) there were consecutive DEIs characterized by an enhancement of the R1 IPSC during the 0 mV steps that led to an LTP of GABA A inhibition that we have termed GABA A -LTP (Domínguez et al. 2014) (Fig. 2B ). We also calculated the temporal evolution of the peak amplitude of the 10 R1 IPSCs evoked at all consecutive 0 mV steps in the 16 experiments analyzed ( Fig. 2A, 1,2 ,. . .,16 open circles) and computed the corresponding averages ( Fig. 2A , filled circles). We then plotted the mean amplitude of the 10 R1 IPSCs at all successive 0 mV steps versus time, expressed as the proportion (%) of the mean value of first 10 R1 IPSCs (Fig. 2B ). We also calculated a running average (Fig. 2B , white line). Procedures were essentially identical in the other voltage-clamp experiments, except that fewer experiments were averaged.
A rapid decrease of the R1 IPSC amplitude induced at the 0 mV steps in the pre-ACh controls typified DSI (Fig. 2B,C) ; the open circles in Figure 2C represent the first R1 IPSC of the 10 evoked during the depolarizing steps, as in Figures 4, 5 and 7. During the preACh control there was a gradual decay with successive DSIs in the mean peak amplitude of IPSCs that reached values that were 19.27 ± 3.5% of the control (P < 0.01; N = 16) (Fig. 2B,C) . The gradual IPSC decay in the control was caused by the partial recovery from DSI generated by the previous depolarization (Domín-guez et al. 2014) . The ACh pulse induced a fast transfer (≈5 min) from DSI to DEI (Fig. 2B,C) , the latter typified by a rapid increase in IPSC amplitude during depolarization. Successive DEIs were paralleled by a gradual buildup of peak IPSC amplitudes that stabilized 30-40 min after the ACh pulse. The mean peak amplitude reached values that were 273.2 ± 3% of the control (P < 0.001; N = 16; Fig. 2B ).
DSI Decays Exponentially, Whereas DEI Increases Linearly During Depolarization
The average R1 IPSC amplitude versus time plot was computed over three 0 mV steps in the control pre-ACh condition. It shows DSI typified by an exponential decay (tau (T) of 13.3 s; R < 0.98; N = 16) of mean R1 IPSC amplitude, that reached a steady state that was 49.8 ± 1% (P < 0.001; N = 16) of the control amplitude (100%) of the first IPSC during the step (Fig. 2D 1 ) . The exponential decay suggests that the probability of GABA release drops by a constant fraction of the preceding release probability as a function of time. In contrast, ≈15 min after the ACh pulse the mean R1 IPSC amplitude, also computed over three 0 mV steps, increased linearly during the depolarization (average slope 29.9 ± 3 pA/ms; P < 0.01; N = 16; Fig. 2D 2 ). Finally, when the IPSC enhancement stabilized ≈50 min after the ACh pulse, the mean IPSC amplitude decreased slightly during the depolarizing step to values that were was 76.8 ± 1% of the control (P < 0.001; N = 16) ( Fig. 2D 3 ) , possibly indicating that DEI saturated.
To evaluate the effects of different manipulations on DSI and DEI we calculated a DEI/DSI ratio, as the quotient of the mean peak value of the last (10th) over the initial (1st) R1 IPSC [i.e., (R1 IPSC 10th )/(R1 IPSC 1st )] during the depolarizing steps. The DEI/DSI ratio was measured in control pre-ACh conditions and ≈10 min post-ACh. Under control conditions the DEI/DSI ratio was 0.48 and changed to 1.45 ≈ 10 min post-ACh (P < 0.001; N = 16).
IPSCs Were Also Potentiated During Hyperpolarizing Steps
We have shown that the GABA A -LTP was also induced at the −75 mV steps and had similar time course and magnitude as the GABA A -LTP generated at 0 mV (see Fig. 2S in Domínguez et al. 2014) . However, the temporal evolution of the amplitude of IPSCs at the 0−75 mV steps before and after the ACh pulse remained to be analyzed. Accordingly, we plotted the R1 IPSC amplitude versus time at 0 and −75 mV in the control and post-ACh conditions (Fig. 3) . In this analysis, we plotted absolute IPSC amplitude values ( pA) versus time instead of relative values (%) to evaluate amplitude variations caused by changes in holding current in the pre-and post-ACh conditions.
The rapid decay of IPSC amplitude during the depolarization that typifies DSI at 0 mV was followed by a gradual recovery of the IPSC amplitude during the −75 mV hyperpolarization. IPSCs did not reach predepolarization control values during recovery at −75 mV, causing the gradual decay of IPSC amplitude during succeeding depolarizing steps in the controls (Figs 2A, B and 3A) . Following the ACh pulse there was an increase in IPSC amplitudes during depolarization or DEI, followed by an increase of IPSC amplitudes during hyperpolarization (Fig. 3A,C) . The IPSC amplitudes continued to gradually increase with time both at 0 and −75 mV (Fig. 3D) . Therefore, following the ACh pulse IPSCs gradually potentiated both during de-and hyperpolarizing steps, leading to the GABA A -LTP. (Kullmann et al. 2005; Saliba et al. 2009; Ahumada et al. 2013; Domínguez et al. 2014) . To determine the contribution of the different sources of the intracellular Ca 2 rise we tested the effects of nimodipine (10 µM), which blocked DSI and DEI. The corresponding pre-and post-ACh DEI/DSI ratios were 0.95 and 1.05, respectively (P > 0.05; N = 6). Nimodipine (10 µM) also inhibited GABA A -LTP with IPSCs that reached values that were 104.9 ± 8% of the control (P > 0.05; N = 6; Fig. 4A,B) . Loading the PC with BAPTA (20 mM) blocked DSI and DEI. The corresponding pre-and post-ACh DEI/DSI ratios were 1.04 and 0.99, respectively (P > 0.05; N = 6). BAPTA-loading (20 mM in the pipette solution) also blocked GABA A -LTP and IPSC reached values that were 108.9 ± 7% of the control (P > 0.05; N = 6; Fig. 4C,D) . Intracellular heparin (5 mg/ml) had essentially identical effects inducing pre-and post-ACh DEI/DSI ratios that were 0.95 and 1.07, respectively (P > 0.05; N = 6), and IPSC amplitudes that were 122.1 ± 5% of the control (P > 0.05; N = 6; data not shown). Accordingly, under nimodipine, BAPTA-and heparin-loading, DEI/DSI ratios were similar and not significantly different from one (P > 0.05; N = 6 in each case). In addition, GABA A -LTP was inhibited, consistent with the absence of effects by ACh when Ca 2+ influx through L-type VGCC or Ca 2+ release from IP3-sensitive stores were both prevented and when intracellular Ca 2+ was chelated.
DSI, DEI
DSI and DEI Require GPCR Activity
It has been reported that G-proteins participate in the mAChRsinduced release of 2-AG from PCs (Pitler and Alger 1994; Kim et al. 2002; Castillo et al. 2011) , and contribute to the surface migration of GABA A Rs (e.g., Saliba et al. 2009; Petrini et al. 2014; reviewed in Luscher et al. 2011; Vithlani et al. 2011 ). Therefore, we tested the effects of interfering with G-proteins by including the irreversible G-protein inhibitor GDPβS (2 mM) in the recording pipette. Intracellular GDPβS blocked DSI and DEI and the corresponding DEI/DSI ratios were 0.72 and 0.97, respectively (P > 0.05; N = 6). GDPβS also inhibited GABA A -LTP and IPSCs reached values that were 110.9 ± 9% of the control (P > 0.05; N = 6; Fig. 5A,B) , suggesting that GPCRs are essential in the genesis of these phenomena.
An Increased Contribution of α5βγ2-GABA A Rs Mediates DEI
We have shown that increased α5βγ2-GABA A Rs activation resulting from GABA release was a key element in the genesis of GABA A -LTP (Domínguez et al. 2014) . Accordingly, the enhanced sensitivity to GABA and the marked outward rectification that typifies α5βγ2-GABA A Rs could also mediate DEI. We tested the effect of incubation with L-655,708 (20 nM), a specific inverse agonist of α5βγ2-GABA A Rs (Quirk et al. 1996; Sur et al. 1998) , it inhibited DEI but not DSI. The corresponding pre-and post-ACh DEI/DSI ratios were 0.58 and 0.63 (P > 0.05; N = 6). L-655,708 also inhibited GABA A -LTP and the post-ACh IPSCs reached values that were 104.5 ± 9% of the control (P > 0.05; same cells; Fig. 5C,D) . Interestingly, in naïve synapses L-655,708 (20 nM) did not modify R1 IPSC amplitudes in the absence of the ACh pulse (Domínguez et al. 2014) . Note the reduction of the IPSCs peak amplitude continuing ≈10 min following the ACh pulse that partially masks DSI (Fig. 5D ) that could be due to the cholinergic enhancement of DSI (Martin and Alger 1999; Kim et al. 2002) . Taken together, these results suggest that L-655,708 had no effect on naïve synapses due to the lack of α5βγ2-GABA A Rs at the stimulated synapses. In contrast, following the ACh pulse the increased number of α5βγ2-GABA A Rs activated by the GABA release triggered DEI and GABA A -LTP. Therefore, the results imply that DEI and GABA A -LTP are closely related phenomena in which an increase in the number of α5βγ2-GABA A Rs activated by the GABA released plays a fundamental role.
The Enhanced GABA-and Voltage-Sensitivity Caused by α5βγ2-GABA A Rs are Prevented by BAPTA-Loading High GABA sensitivity and outward rectification are hallmarks of α5βγ2-GABA A Rs (e.g., Burgard et al. 1996; Caraiscos et al. 2004; Domínguez et al. 2014) . Accordingly, an increased slope conductance and outward rectification of IPSCs should match DEI. In consequence, we calculated I/V relationships of peak IPSC amplitudes in pre-and post-ACh conditions. Pre-ACh I/V relationships were linear with small average slopes (Fig. 6A,B , filled circles), but at ≈40 min post-ACh, slope conductance increased and outward rectification developed (Fig. 6A,B, open circles) . Because a cytosolic Ca 2+ signal is required to induce DEI and (Fig. 6C,D) . The resulting pre-and post-ACh I/V relationships were essentially identical, had low average slopes and the outward rectification was greatly reduced (Fig. 6D) . The pre-and post-ACh I/V relationships were substantially different in the controls with Ri values of 1.5 and 4.3 (P > 0.05; N = 6), respectively, but essentially identical under BAPTA-loading with Ri values of 2.5 and 3.0 (P < 0.05; N = 6) in pre-and post-ACh I/V relationships, respectively. The enhanced slope conductance and outward rectification caused by the ACh challenge support the view that DEI is caused by an increase in the number of α5βγ2-GABA A Rs activated by the GABA release that involves a rise in cytosolic Ca 2+ concentration.
Consequently, the results suggest that related postsynaptic mechanisms mediate DEI and GABA A -LTP. In addition, pre-and post-ACh I/V plots did not reveal changes in the IPSC reversal potential, suggesting that DEI and GABA A -LTP were unaffected by changes the Cl − driving force (see Domínguez et al. 2014) .
DEI Masked the CB 1 Rs-Dependent DSI
We have shown that blockade of CB 1 Rs with AM-251 during GABA A -LTP enhanced R1 IPSC amplitudes (Domínguez et al. 2014 ). This effect suggests that the stronger DEI induced by the ACh pulse masked DSI. Accordingly, we incubated the slice with AM-251 (2 µM), which blocked DSI but in contrast not DEI that displayed the usual linear behavior. We found that the preand post-ACh DEI/DSI ratios were 0.62 and 1.67, respectively (P < 0.05; N = 6; Fig. 7A ,B and C 1 -C 3 ), confirming that DSI was dependent on the activation of CB 1 Rs. Blockade of CB1Rs with AM-251 did not suppress GABA A -LTP and IPSC amplitudes reached values that were 148.1 ± 15% of the control (P < 0.05; same cells; Fig. 7A ). We also tested the effects of AM-251 (2 µM) superfused ≈ 25 min post-ACh, when DEI and GABA A -LTP had developed (Fig. 7D) . In pre-ACh and post-ACh conditions DSI, DEI, and GABA A -LTP were induced (Fig. 7D ,E, and F 1 , F 2 ). When ≈40 min later DEI and GABA A -LTP had developed AM-251 (2 µM) markedly increased DEI (Fig. 7D ,E and F 3 ) and the corresponding pre-and post-AM-251 DEI/DSI ratios were 1.08 and 1.74 (P < 0.05; N = 6). Note the increased slope of DEI under blockade of CB1Rs (Fig. 7E, F 3 ). In addition, IPSCs increased from 185.9 ± 16% to 287.6 ± 21% of the controls (P < 0.001; same cells; Fig. 7D ). Taken together, the above results suggest that AM-251 blocked the opposing effects of DSI on DEI and GABA A -LTP. Therefore, DSI persists during the experiment, is present both before and after ACh, and partially opposes the relatively larger enhancing consequences of DEI and GABA A -LTP.
"Spillover" Did Not Contribute to DEI-GABA A -LTP Spillover resulting from an increased GABA release or a reduced GABA uptake (Kullmann 2000) could activate extrasynaptic α5βγ2-GABA A Rs and contribute to DEI and GABA A -LTP. Although these postsynaptic effects were absent in our experimental conditions (see also Domínguez et al. 2014) , we tested the effects of pharmacological enhancement of GABA spillover by blocking GABA uptake with NO-711, a specific GAT-1 blocker (reviewed in Scimemi 2014) . NO-711 (10 µM) had no effect on naïve synapses and post-ACh IPSC had values that were 87.9 ± 18% of the control (P > 0.05; N = 4; Fig. 8A ). In contrast, ≈20 min post-ACh when potentiated IPSCs had reached values that were 194.5 ± 22% of the control (P < 0.01; N = 5), NO-711 (10 µM) markedly reduced IPSC to 98.5 ± 23% of the control (P > 0.05; N = 5; Fig. 8B ). Subsequent blockade of GABA B Rs by superfusion with CGP55485 (10 µM) induced a recovery of IPSCs back to potentiated amplitudes that were 196.1 ± 20% of the control (P < 0.01; same cells; Fig. 8B ). We plotted the PPR index of the effects of ACh, NO-711, and CGP (Fig. 8C) , taking values from experiments as in Figure 8 . PPR indexes above and below one correspond to paired-pulse facilitation (PPF) and paired-pulse depression (PPD), indicating respective low and high GABA release probabilities. A change from PPF to PPD, with PPR values of 0.82 and 1.03, was associated with the IPSC reduction (Fig. 8C) , suggesting that NO-711 acted through a presynaptic decline of the GABA release probability. This change from PPD to PPF, with PPR values of 1.65 and 0.71 was induced at the recovery induced by CGP55485 (Fig. 8C) , implying an increased GABA release probability and that GABA B R were involved in the IPSCs depression induced by NO-711. Importantly, postsynaptic GABA B Rs are absent in CA1 PCs from rats under 22 days old (Nurse and Lacaille 1999) , and incubation with the GABA B antagonist CGP55845 (2 µM) had no effect on GABA A -LTP in young rats (Domínguez et al. 2014) .
Interestingly, ACh had no effect under incubation with NO-711 (10 µM) and superfusion with CGP55485 (10 µM) did not modify IPSC amplitudes with values that were 115.2 ± 22% those of the control (P > 0.05; N = 5; Fig. 8D ). The GABA B R agonist baclofen (10 μM) mimicked the effects of NO-711 when applied after the ACh pulse, reducing the potentiated IPSCs from 305.4 ± 18% (P < 0.001; N = 6) to 80.6 ± 23% of the control (P > 0.05; N = 6; Fig. 8E ), suggesting a presynaptic inhibition mediated by GABA B Rs. Finally, IPSC amplitudes increased to 308.8 ± 19% of the control (P < 0.001; N = 6) after a washout in ACSF (Fig. 8E) .
Model of DSI-to-DEI Shift and GABA A -LTP
We propose a model derived from the above results that would illustrate the main components involved in the muscarinicmediated activity-dependent plasticity of GABA inhibition. The proposed model shows the presynaptic terminal of a CCK + interneuron that contacts the apical dendritic shaft of a PC (Fig. 9A ). Depolarization and M1-mAChR activation induced by ACh (red arrows) increase cytosolic Ca 2+ at the PC by influx through L-type VGCC and release from IP3-sensitive intracellular Ca 2+ reservoirs (Fig. 9A, yellow arrows) . The Ca 2+ rise causes the release of 2-AG that diffuses (Fig. 9A , blue arrow) to block N-type VGCC via activation of CB 1 Rs at the CCK + interneuron terminal to induce DSI. The cytosolic Ca 2+ rise can also cause the diffusion of extrasynaptic α5βγ2-GABA A Rs to the activated synapses (Fig. 9A , white arrows). Diffusion of extrasynaptic α5βγ2-GABA A Rs would also include activated PV + interneurons (not represented, but see Domínguez et al. 2014) . Interestingly, in the absence of depolarization (Fig. 9B , QUIESCENT PC) M1-mAChR activation would induce DSI leading to LTD (Fig. 9B , IPSPs, DSI-LTD) ( present results and Domínguez et al. 2014) , while it would induce LTP at excitatory glutamatergic synapses (Fig. 9B , EPSPs, GLU-LTP). Significantly, depolarization (Fig. 9 , ACTIVE PC) and M1-mAChR activation would induce GABA A -LTP and DEI (Fig. 9B , IPSPs, GABA A -LTP, DEI) paired with the LTP of excitatory glutamatergic synapses (Fig. 9B , EPSPs, GLU-LTP) (present results and Fernández de Sevilla et al. 2008; Domínguez et al. 2014 ).
Discussion
Here, we provide evidence on the cellular mechanisms that mediate the rapid shift from DSI to DEI caused by the combined effects of ACh and depolarization in CA1 PCs. Importantly, the postsynaptic DEI ( present results) is different from presynaptic depolarization-induced potentiation of inhibition, which requires presynaptic NMDA receptor activation (Duguid and Smart 2004) . Likewise, the postsynaptic GABA A -LTP is unrelated to rebound potentiation because the latter does not demand activation of M1-mAChRs (Kano et al. 2009 ) and with the learning-induced plasticity of inhibition triggered by cholinergic mechanisms that is generated by nAChRs (Mitsushima et al. 2013) . We have shown that following its induction the GABA A -LTP persisted during prolonged interruptions (≈20 min) of depolarizing steps or synaptic stimulation. However, when the pulse protocol was interrupted during induction (≈10 min) after the ACh pulse, a transient IPSC potentiation was generated. After the transient potentiation (≈20 min) a depolarizing step to 0 mV had no effect on IPSC amplitude (Domínguez et al. 2014) . These data suggest that although DEI and GABA A .-LTP require both intracellular Ca 2+ and GPCR signaling ( present results and Domínguez et al. 2014) , the GABA A -LTP also involves a buildup with repeated depolarization of the intracellular machinery that ultimately stabilizes the IPSC enhancement, a process not required in the induction of DEI. Therefore, the GABA A -LTP needs the gradual development of depolarization-induced molecular mechanisms and is not merely a consolidation of the transient DEI.
A Rise in Intracellular Ca 2+ Mediates the Effects of ACh
We show that an increase in the intracellular Ca 2+ concentration is the fundamental factor in the change from DSI to DEI. ACh Domínguez et al. 2014) . The intracellular Ca 2+ rise can contribute to DEI through a lateral transit of extrasynaptic α5βγ2-GABA A Rs (Bannai et al. 2009 ) to the activated synapses, thus increasing the efficacy of synaptic inhibition (reviewed in Luscher et al. 2011; Petrini et al. 2014) . We have shown that exocytosis through endosomes did not participate in the increased contribution of α5βγ2-GABA A Rs to IPSCs (Domínguez et al. 2014) , likely indicating that receptor accumulation at activated synapses was caused by membrane trafficking (Bannai et al. 2009; reviewed in Luscher et al. 2011; Vithlani et al. 2011) . Nevertheless, the mechanisms that mediate the increase of α5βγ2-GABA A Rs at a given set of active synapses and the functional role of this accumulation remain to be demonstrated.
Both CCK + and PV + interneurons contribute to GABA A -LTP through common postsynaptic mechanisms (Domínguez et al. 2014) . Here, we show that DEI and GABA A -LTP are mechanistically related postsynaptic phenomena, suggesting that DEI is likely to be present in both CCK + and PV + synapses. CCK + interneurons innervate the proximal dendritic regions where α5βγ2-GABA A Rs are mainly concentrated (Serwanski et al. 2006) , and show both synchronous and prolonged asynchronous release (e.g., Daw et al. 2009 ), having a smoothing effect on hippocampal oscillations (Freund 2003) . In contrast, PV + cells innervate the somatic region of PCs and only show precise synchronous release, pacing gamma and theta oscillations (Freund 2003) . Theoretically, the differential innervation pattern of CCK + and PV + interneurons could, depending on the functional demands of the system, favor fast perisomatic versus slow dendritic inhibition. This change could regulate AP bursts in place cells (Royer et al. 2012) or control DSI through an activity-dependent regulation of the release of 2-AG from the PC.
The Ca 2+ Surge During Each Depolarization Generates Successive DSIs and DEIs
Interestingly, the "step-like" increases in cytosolic Ca 2+ produced by the repeated depolarization induce successive DSIs and DEIs that cause the pre-and post-ACh descending-ascending "stairway-like" profile of the IPSC amplitude versus time plots (Figs 2C and 3A) . Accordingly, the stairway-like profile was absent: (1) under nimodipine blockade of L-type VGCC (Fig. 3B) ; (2) when intracellular Ca 2+ was chelated by BAPTA-loading (Fig. 3D) ; (3) exclusively at the ascending post-ACh section when DEI was inhibited with L-655,708 ( Fig. 4D) and; (4) singularly at the descending pre-ACh segment when DSI was blocked by AM-251 (Fig. 6B) . Remarkably, the successive DEIs during the ascending segment suggest rapid increases in the number of α5βγ2-GABA A Rs during depolarization, possibly caused by the dynamic modulation of GABA A R trafficking to activated synapses, which can operate in the tens of milliseconds scale (Bannai et al. 2009 ). In contrast, the descending profile during the pre-ACh controls is due to DSI caused by the activation of presynaptic CB 1 Rs by the 2-AG released from the PC during the depolarization. The rapid effects of depolarization following the ACh pulse could be generated by changes in the Cl − concentration gradient caused by Cl − flux through activated GABA A Rs that may globally modify GABA A -mediated synaptic activity. However, DEI and GABA A -LTP were not accompanied by changes in the IPSC reversal potential, the Cl − driving force and concentration gradient (Domínguez et al. 2014 ). Since DEI and GABA A -LTP share common mechanisms it is likely that DEI is also independent of the extraintracellular Cl − distribution.
Contribution of G-Protein Signaling
We show that GPCRs play a fundamental role in the genesis of DEI, possibly through the robust rise of the intracellular Ca 2+ concentration. Indeed, signaling through GPCRs promotes the production of IP3, that triggers Ca 2+ release from IP3-sensitive intracellular stores; (Fernández de Sevilla et al. 2008 ). M1-mAChRs working through GPCRs block K + conductance and increase the efficacy of depolarizing inputs (Cole and Nicoll 1983; Pitler and Alger 1994) , thus facilitating Ca 2+ influx through VGCC. The Ca 2+ rise can also contribute to DEI via the surface migration of α5βγ2-GABA A Rs. Finally, the Ca 2+ rise can trigger the production of 2-AG that generates DSI (reviewed in Pitler and Alger 1994; Kano et al. 2009; Castillo et al. 2011 ).
Possible Functional Role of DEI and GABA A -LTP
Cholinergic mechanisms control learning, memory, and spatial navigation through the regulation of hippocampal circuits. Changes in α5βγ2GABA A Rs are functionally important because these receptors are involved in learning processes and regulate network activity (Atack et al. 2006; Martin et al. 2010 ). We show that α5βγ2GABA A Rs are involved in the genesis of DEI and GABA A--LTP, suggesting that cholinergic activity and postsynaptic depolarization could be of key relevance in the organization of learning processes through an increased contribution of α5βγ2GABA A Rs. The slice preparation is far from a physiological situation, but we have previously shown that in conditions closer to functional ones, with ACh released induced by oriens/alveus stimulation, at physiological temperature and without blockade of ionotropic glutamate receptors a similar GABA A -LTP was obtained (Domínguez et al. 2014 ). Since GABA A -LTP and DEI, share important mechanisms it is likely that DEI could also be induced in those conditions. We have shown that in the absence of PC depolarization a brief activation of mAChRs can induce LTP at excitatory synapses (e.g., Fernández de Sevilla et al. 2008) . Here, we show that when postsynaptic depolarization is added, activation of mAChRs induces a robust DEI and GABA A -LTP (Domínguez et al. 2014) . Remarkably, those experiments revealed that DEI and GABA A -LTP were paralleled by an LTP of glutamatergic synapses in the same PCs. Therefore, this cascade of events might be present during behavior to gate the efficacy of excitation or inhibition in the CA1 circuit in an activity-dependent manner.
Because both DEI and GABA A -LTP require postsynaptic activity, it is conceivable that the former could transiently regulate natural circuit operation through the gradual depolarizationdependent enhancement of feedback inhibition, while the latter could prevent, for an extended period, the outbreak of pathological hyperexcitable states in the network. Interestingly, the robust outward rectification of α5βγ2GABA A Rs ( present results, Pavlov et al. 2009; Domínguez et al. 2014 ) would contribute to control circuit normal operation, and particularly during strong depolarization associated with hyperexcitable states.
The above results of reducing GABA uptake with NO-711 suggest that when the extracellular GABA concentration abnormally increases, the activation of presynaptic GABA B Rs can reduce GABA release probability at inhibitory interneuron terminals (e.g., Mitchell and Silver 2000; Lei and McBain 2003; reviewed in Kullmann et al. 2005) . However, spillover effects were not observed in our experiments (see also Domínguez et al. 2014) .
The absence of effects from NO-711 on naïve synapses but not on synapses exposed to ACh suggests that ACh could interfere with the presynaptic GABA B -dependent synaptic inhibition or with the functional expression of GATs. Changes in the surface expression of GATs may have a significant effect on the efficacy of synaptic inhibition. GATs are abundantly expressed in presynaptic terminals, and can move laterally within the plasma membrane in an activity-dependent manner (reviewed in e.g., Scimemi 2014) . Although the origin of the effects of ACh on
